ABSTRACT Microbial colonization of the intestinal tract of commercial poultry is highly variable, likely due to the fact that poults and chicks are hatched and raised without exposure to adult birds and their microbiota. In industrial poultry production, it is hypothesized that most of the microbiota is obtained through horizontal transmission from the environment and very little by maternal transmission. The initial gut microbiota will therefore differ between flocks and companies based on environmental conditions at the hatchery. Day-old poults were collected from the hatchery of 2 companies at 3 different time points to monitor the initial colonizing microbiota by sequencing amplicons of marker genes for bacteria, lactic acid bacteria (LAB), fungi, and archaea. Bacterial colonizers were distinct by company (pseudo-F 38.7, P ≤ 0.05) with the predominant bacteria at Company A being clostridia, specifically Clostridium celatum group, C. paraputrificum, and C. tertium. Predominant bacteria at Company B were Enterobacteriaceae, belonging to 2 different groups, one that included Escherichia; Shigella and Salmonella and the other Klebsiella; Enterobacter; and others. The predominant LAB at both companies were Enterococcus faecalis and E. gallinarum, confirmed by sequencing the 16S ribosomal RNA (rRNA) gene of colonies picked from lactobacilli agar plate counts. The predominant fungi were Aspergillus niger and Saccharomyces cerevisiae, with Candida sake or Alterneria sp. in some samples of Company A. Archaeal sequences were detected only in a single poult from Company B. The initial gastrointestinal colonizers of poults vary across company and time, signifying a strong environmental effect on microbiota acquisition. There was an indication of maternal effects in certain breeder flocks from Company B. Further work is necessary to determine how this variability affects microbiota succession and impacts growth and production of the birds.
INTRODUCTION
The factors that determine microbial colonization and development in avian species are not well understood. In mammals, it is recognized that the majority of gut microbiota is vertically transmitted from the mother to the offspring with some diversity through horizontal transmission from the environment (Inoue and Ushida, 2003) . However, in modern commercial poultry production, the eggs are removed from the hen, washed, sanitized, and may even be injected with antibiotics before the chicks are hatched. Chicks are then raised without exposure to adult birds, with the only adult microbiota exposure being that in used litter. This contrasts with non-commercial environments where the hatching chick is exposed to maternal bacteria on the egg surface and in the nest environment. The importance of vertical transmission for birds has C 2018 Poultry Science Association Inc. Received September 15, 2017. Accepted December 6, 2017. 1 Corresponding author: xandra.smith@churchdwight.com been shown in studies with hoopoes, where bacterialaden uropygial excretions from the mothers onto the eggs enhance hatching success and allow for transmission of antimicrobial-producing bacteria during uropygial gland development (Martín-Vivaldi et al., 2014; Ruiz-Rodriguez et al., 2014) .
In commercial production systems, although there may be some maternal transmission of bacteria within the egg (MacOwan et al., 1984; Raspoet et al., 2011; Fisinin et al., 2016; Ilina et al., 2016) , it is likely that the majority of the microbiota is obtained through horizontal transmission from the food and the environment. Strong support for the microbiota being derived predominantly from environmental sources comes from a study indicating large variability in microbiota composition within 3 flocks of broilers from the same hatchery raised under similar conditions . Another study on broiler chickens concluded that although the physical environment in 2 rooms was designed to be similar, there were significant differences in the low-abundant microbiota of the cecum between rooms (Ludvigsen et al., 2016) . Sources of variability that affect microbiota development are the myriad of production parameters, such as diets, vaccine treatments, coccidiostats, growthpromoting and therapeutic antibiotics, and fungicides that vary not only among companies, but also by season. Factors such as geographic location, litter management, ventilation types, drinker types, and feed delivery systems also differ among farms and may affect microbiota development. For instance, fresh vs. reused litter results in differences in cecal microbiota development of broilers (Torok et al., 2009; Wang et al., 2016) .
Studies have shown that the initial bacterial populations in chicks shape the gut microbiota later in life. Administering a live Salmonella vaccine at hatch or continuously administered probiotic strains, or both, affected microbiota succession in layers (Ballou et al., 2016) . Day-old chicks inoculated with dissimilar cecal communities from adults had differing ileal and cecal microbiota development that affected host gene expression (Yin et al., 2009) .
More evidence for the effects of microbiota development on host metabolism was shown in studies with mice in which the microbiota development in infancy was disrupted with low-dose antibiotics (Cox et al., 2014) or therapeutic dose antibiotics (Nobel et al., 2015) . Low-dose penicillin accelerated normal agerelated microbiota development by suppressing taxa that peak early in life and predisposed mice to dietinduced obesity. Low-dose penicillin during infancy also reduced intestinal immune responses. Although the microbiota eventually returned to a normal population structure after low-dose antibiotics during infancy, the effects on the long-term metabolic programming of the host was permanent, indicating the importance of the development of the microbiota.
Given the break in maternal transmission of gut microbiota and the many production variables among companies, it is conceivable that management practices may have a significant impact on development of the gut microbiome in commercial flocks. To determine whether the environment and management practices at the hatchery affect the initial gut microbiota composition, the bacterial, fungal, and archaeal microbiota of day-old poults from 2 companies, at 3 collection times and from several breeder flocks, were ascertained using both culture and culture-independent assays.
MATERIALS AND METHODS

Birds
A total of 118 day-old poults were obtained at the hatchery from 12 breeder flocks from Company A and 16 breeder flocks from Company B at 3 collection periods during the summer and fall of 2014. Initially, 3 poults were requested by breeder flock, but based on the high variability in counts on lactobacilli agar, that was increased to 5 poults per flock for the second and third sampling periods.
Collection and Processing of Gastrointestinal Tracts
Randomly picked poults (3 to 5 per flock) were sacrificed at the hatchery prior to any standard processing, such as vaccinations and sexing, by cervical dislocation. The gastrointestinal tracts from the duodenal loop to the cloaca were removed, placed into sterile Whirlpak R bags (B01297, Nasco, Fort Atkinson, WI), and sent to the laboratory overnight, on ice. Upon arrival, the ceca and lower gastrointestinal tract were removed, and the remaining intestinal tract including the luminal contents was cut longitudinally, diluted with 99 mL of sterile 0.1% Bacto TM Peptone (Becton, Dickinson and Company, Sparks, MD) in filtered Whirl-pak R bags (B01348, Nasco, Fort Atkinson, WI) and masticated at 300 rpm, for 1 min in a Stomacher (Model 400 circulator, Seward, England).
Bacterial Counts and Identification on Lactobacilli Agar
Serial dilutions prepared from the filtered side of the Whirl-pak R bags were pour-plated in duplicate with Difco TM Lactobacilli MRS Agar (#288,210, Becton, Dickinson and Company, Sparks, MD) and incubated at 37
• C with anaerobic gas packs (R681001, Remel, Lenexa, KS) overnight. Up to 5 isolates were picked from each bird, grown up in Difco TM Lactobacilli MRS Broth (#288,210, Becton, Dickinson and Company, Sparks, MD) and cell pellets collected for DNA extraction. Bacterial cell walls were lysed with 100 mg/mL lysozyme (L6876, Sigma-Aldrich, St. Louis, MO), and proteins were degraded with Protease K (P81075, New England Biolabs, Ipswich, MA). Lysates were purified on Wizard R SV 96 Binding Plates (Promega, Madison, WI). The 16S ribosomal RNA (rRNA) was amplified with universal primer pairs, 27F and 1492R, for Sanger sequencing and identification using EZtaxon (Chun et al., 2007) .
Bacterial DNA Extraction
The pellets from 50 mL of the upper gastrointestinal tract dilution from the filtered sides of the Whirlpak R bags were collected by centrifugation and stored at -20
• C until processing. Pellets were thawed and resuspended in 500 μl solution from Powerbead Tubes (DNeasy PowerSoil Kit #12,888-100, MO BIO Laboratories, a QIAGEN company, Carlsbad, CA) and DNA extracted per the manufacturer's protocol with the one modification being that samples were homogenized for 2 min in a Mini-BeadBeater-16 (Biospec Products, Inc., Bartlesville, OK).
Illumina Sequencing of Microbial Marker Genes
PCR was performed for 35 cycles with 16S V4 rRNA primers for total bacteria (Walters et al., 2016) ; total archaea (Takai and Horikoshi, 2000) ; lactic acid bacteria selective 16S rRNA primers (Bokulich and Mills, 2012) ; and fungal intergenic spacer (ITS) region primers (Toju et al., 2012) using the 48 Access Array IFC (Fluidigm, San Francisco, CA). The final size-selected amplicon pools were submitted to the DNA Services laboratory at the W. M. Keck Center at the University of Illinois at Urbana-Champaign for sequencing on a MiSeq V2 flowcell (Illumina, San Diego, CA).
Quantitative Insights into Microbial Ecology (QI-IME) version 1.8 was used to analyze the microbial sequences (Caporaso et al., 2010b) . Paired sequence reads were joined for the bacterial, archaeal, and fungal sequences. Read 1 was used for the lactic acid bacterial selective sequences. Bacterial and archaeal sequences were aligned to the Greengenes database (gg-13-8-otus) (DeSantis et al., 2006; McDonald et al., 2012) with PyNAST (Caporaso et al., 2010a) and clustered into operational taxonomic units (OTU) at 97% similarity. Similarly the UNITE fungal database (its 12 11 otus) (Kõljalg et al., 2005 ) was used to cluster the fungal reads at 97%. All OTU picking used the default uclust method (Edgar, 2010) .
The taxonomic identity of the representative bacterial sequences for the predominant OTU was confirmed using EZtaxon (Chun et al., 2007) . OTU that had the same species designation were combined. Where species level could not be determined due to many species having similar 16S sequences, the best characterized species of that group was used, e.g., the Bacillus subtilis group. The Enterobacteriaceae include many members with similar 16S rRNA, but the predominant OTU are grouped into 2 main taxa. Enterobacteriaceae group 1 includes the following species: Enterobacter, Buttiauxella, Erwinia, Kluyvera, and Klebsiella. Enterobacteriaceae group 2 includes Escherichia, Shigella, and Salmonella. The other minor Enterobacteriaceae OTU were combined as Enterobacteriaceae Other. Taxa for which there were no cultured representatives were named to the lowest taxonomic level possible, e.g., Bacteroidetes. Data are therefore shown at different phylogenetic levels, as each OTU is shown at the lowest taxonomic level possible for that sequence. Species level designations for the predominant representative fungal and archaeal sequences were determined using the National Center for Biotechnology Information Blast (Altschul et al., 1990; Boratyn et al., 2013) .
Statistical Analyses
Statistical analyses was performed with Canoco 5 (Microcomputer Power, Ithaca, NY), a program for running multivariate statistical analysis using ordination methods in the field of ecology (Šmilauer and Lepš, 2014) . Constrained ordination is a way to relate multiple variables (e.g., species) to explanatory variables (e.g., company). Redundancy analysis (RDA) constraining the data with explanatory variables was used to find significant differences among companies, collection period, and breeder flocks. Significance was assumed at P < 0.05 after adjustment with the Bonferroni correction. The Pseudo F value provides a measure of how separated the samples within a group are from other groups. A Pseudo F of 1 indicates similar between and within group variance. A higher Pseudo-F indicates greater between group variance than within group variance. RDA is similar to principal component analysis (PCA) in that it is used to visually represent the differences among samples, but in addition shows the fitted values of the species to explanatory variables. For simplicity, data are shown as biplots with only the top best-fit species for a single explanatory variable shown. Species are represented by arrows, with abundance increasing in the direction of the arrow. The explanatory variables are shown as a point, which would be the midpoint of the samples in that group. Log transformed sequence counts of predominant taxa were included, and minor OTU comprising ≤0.5% of the total sequences were combined.
The raw sequence data for this experiment have been deposited in the Sequence Read Archive at the National Center for Biotechnology Information as Bioproject PRJNA401935: Gut microbiota of day-old turkeys.
RESULTS AND DISCUSSION
Bacterial sequences per bird averaged 32,050 sequences after removing singletons. Birds with < 5,000 sequences were removed from further analysis, leaving 95 of 118 birds. For the LAB selective primers, the sequences averaged 22,468 per bird, and birds with <2,500 sequences were removed, leaving 108 of 118 birds. The fungal ITS sequences averaged 5,897 per bird, and birds with < 1,000 sequences were removed, leaving 85 of 118 birds. Only one poult had archaeal sequences.
Bacterial species richness in poults is low at d of hatch, with the top 9 taxa accounting for 96% of the sequences and 1 to 3 taxa representing greater than 90% of the sequences per bird (Figure 1a) . In commercial turkeys, species richness continually increased from d 7 through to 84 (Danzeisen et al., 2015) , and a similar increase in species over time has been reported in broilers (Schokker et al., 2015; Oakley and Kogut, 2016; Ranjitkar et al., 2016) .
Similar to previous studies, there is variability among birds. Variability among birds was higher within the first wk than at 2 to 4 wk post hatch in both broilers (Torok et al., 2011) and layers (Ballou et al., 2016) . In turkeys, variability among birds decreased when they reached approximately 3 kg (Danzeisen et al., 2013) . Among-bird variation is not limited to young birds, as a study following microbiota development from 1 to 39 d indicated high variability among broilers at all ages (Wielen et al., 2002) ; also variations within and among broiler and turkey flocks has been reported (Danzeisen et al., 2013; Stanley et al., 2013) .
In poultry, lactic acid bacteria, more specifically Lactobacillus species, are the predominant taxa in the upper gastrointestinal tract (Stanley et al., 2012; Konsak et al., 2013; Pourabedin et al., 2015; Xiao et al., 2016) , but in the poults, only 2 had lactic acid bacteria as the predominant taxa-one had Pediococcus pentosaceus, and another had Enterococcus faecalis.
RDA of the data obtained with the bacterial 16S rRNA primers (Table 1) indicated that the microbial ecology of each company was distinct (P ≤ 0.05) with a pseudo-F of 38.7 ( Figure 1b) ; collection periods 2 and 3 were different at each hatchery (Figure 1c) , and intra-company variation was greater at Company B with samples from breeder flocks B01, B05, B08, and B12 different from the other flocks (Figure 1d ). Although most of the variation among samples is explained by the hatchery, there is a period effect, with samples from periods 2 and 3 being more similar to each other. At the first collection period for each hatchery, not enough samples were obtained to show significance.
The predominant microbes at Company A belonged to the Clostridiales, specifically Clostridium celatum group, C. paraputrificum, and C. tertium, and generally all 3 taxa co-occur in a bird. Epulopiscium sp. also co-occurred with the other clostridial taxa in many of the poults and was the predominant taxa in 7 of the poults. Only 4 of the 51 poults at Company A were similar to Company B, with Enterobacteriaceae group 2 as the predominant species (Figure 1a) . At Company B, Enterobacteriaceae were predominant, but poults contained either Enterobacteriaceae group 1 or 2, and only in a couple of birds did they co-occur, which suggests stochastic assembly where the initial colonizers fill the niche (Vega and Gore, 2017) . Previous studies with sequencing data do not differentiate between the Enterobacteriaceae taxa, and culture studies tend to select for Escherichia coli (Enterobacteriaceae group 2, in our data) so we cannot confirm this is a common occurrence. In mice, there is a positive linear correlation between fecal E. coli levels and the efficiency at which Salmonella can colonize the gut (Stecher et al., 2010) . Similarly, mice with higher levels of lactobacilli had enhanced colonization of a L. reuteri strain. Stecher et al., (2010) speculate that the invasion-success of a novel species into a complex gut microbiota might be predetermined by the presence of closely related species already present in the ecosystem. The authors termed this concept "like will to like." Based on this concept, it would be of interest to test whether the day-old poults that are colonized predominantly with Enterobacteriaceae have an increased likelihood to be colonized by Salmonella than those with Clostridiales, and whether there is an effect of which Enterobacteriaceae taxa (group 1 or 2 in our data) is predominant. Eight of the 44 poults at Company B were comparable to poults at Company A, with Clostridales as the predominant taxa (Figure 1a) . The microbiota of the day-old poults at Company B is more similar to most other reports in the literature where Enterobacteriaceae are predominant during the first wk of life, whereas those from Company A are more similar to later time points when clostridial groups become predominant (Videnska et al., 2014; Ballou et al., 2016) . In a turkey study comparing a commercial and research flock using birds from the same hatchery, higher levels of clostridia were present at wk one in the commercial flock, while Gammaproteobacteria were more prevalent in the research flock (Danzeisen et al., 2013) , similar to the differences observed in the 2 companies in this study. Overall key shifts in microbiota over time occurred earlier in the research flock, but there were no data on whether there was any correlation with performance.
The greatest period effects were seen at Company B (Table 1, Figure 1c) , where Enterobacteriaceae group 1 were more prevalent at the last sampling period, while genera that are primarily associated with soils, Meiothermus and Bacillus, were more prevalent at the second collection period. At Company B, there was also an effect of breeder flock on the microbiota at d of hatch, as 4 flocks were unique. Breeder hens can affect microbiota development of their progeny directly by incorporation of bacteria within the egg or via maternal immunoglobulins in the yolk. Maternal antibody titers have been shown to remain high for the first 14 d after hatch (Neighbor et al., 1991) ; however, the amount of antibody transfer for (Gharaibeh et al., 2008) , and data are not available on maternal antibody titers to potential commensal gastrointestinal microbes.
Over 65% of the sequences amplified with the LAB selective primers were Clostridium, mainly C. paraputrificum at 39%. In silico analysis of these primers reveals that allowing for 3 mismatches would amplify 41% of clostridia, whereas less than 0.1% of the Gammaproteobacteria would be detected. These primers were designed to detect LAB in fermented beverages in which clostridia are rarely found (Bokulich and Mills, 2012) . If LAB were low or absent in a gastrointestinal sample, then the LAB selective primer set amplified Clostridiales, which were the predominant bacteria in many of the poults, especially from Company A. Lactobacilli, pediococci, streptococci, and enterococci OTU were detected with the LAB selective primers that were not detected with the bacterial 16S rRNA primers or were less than 0.5% of the bacterial sequences (Figure 2a) .
The predominant LAB at both companies were Enterococcus faecalis and E. gallinarum. Representative isolates picked from lactobacilli agar plates confirmed that E. faecalis and E. gallinarum were the predominant lactic acid bacteria ( Figure 3b) ; however, non-lactics such as Enterobacteriaceae and clostridia also were isolated. The counts on lactobacilli agar ranged widely from below the level of detection of 100 CFU/g tissue to 7.1e8 CFU/g tissue (Figure 3a) . High counts correlated with Figure 3 . Analysis of culturable bacteria grown on lactobacilli agar to select for lactic acid bacteria. a. Counts of gastrointestinal bacteria from day-old poults on lactobacilli agar by company. The limit of detection was 2 log 10 CFU/g of tissue. b. Identification of select isolates from lactobacilli agar plates by sequencing of the 16S rRNA gene. If possible, up to 5 colonies were collected per poult, resulting in 235 isolates from Company A and 167 isolates from Company B. Enterobacteriaceae group 1 includes the following species: Enterobacter, Buttiauxella, Erwinia, Kluyvera, and Klebsiella. Enterobacteriaceae group 2 includes Escherichia, Shigella, and Salmonella. c. Higher counts (log 10 CFU/g tissue) of gastrointestinal bacteria on lactobacilli agar are associated with higher levels of Enterococcus gallinarum, E. faecalis, and Enterobacteriaceae in day-old poults by redundancy analysis of the sequences obtained with lactic acid bacteria selective primers. The top 15 best-fit taxa are shown.
birds that had higher proportions of E. faecalis, E. gallinarum, and Enterobacteriaceae (Figure 3c ). E. faecalis and E. gallinarum have been identified as being the predominant species on turkey eggshells in hatcheries in Germany, and their numbers increased on fresh shell fragments while in the hatchery incubator (Brauner et al., 2016) .
RDA of the taxa detected with the LAB selective primers (Table 2 ) indicated a distinct microbial ecology for each company with a pseudo-F of 10.8; however, the period effect was greater with a pseudo-F of 16.2 for samples from the second collection at Company B. As with the bacterial primers, intra-company variation was greater in Company B with samples from breeder flocks B02, B05, B06, and B08 being unique ( Figure 2d ).
As seen in the total bacterial sequences, clostridia taxa were more prevalent at Company A. Addition- Pediococcus damnosus was the dominant LAB at the first collection (Figure 2c) .
Aspergillus niger and Saccharomyces cerevisiae were the predominant fungal taxa detected in the poults (Figure 4a ). RDA did not indicate a difference between the companies (Figure 4b ), but less than 60% of the poults at Company A were included in the analysis, as none or too few sequences were obtained. There was an effect of period, as the first period from Company A had a pseudo-F of 12.0 with a prevalence of Candida sake and an Alterneria OTU (Figure 4c ). C. sake was the predominant fungus in samples from breeder flock A12 that had a pseudo-F of 6.3 (Figure 4d ). Samples from the second sampling at Company B had a pseudo-F of 5.9, and this was due to a higher species richness (Figure 4c) . There are not much data available in the literature about fungal colonization of poultry, so it is not known how fungal colonization of the gut affects performance of the birds, other than that Aspergillus species have been found in yolk sacs and implicated in umbilical stump infection in 3-to 9-day-old turkey poults (Cortes et al., 2005) .
Although archaea are present in adult birds, they were detected only in a single day-old poult and those sequences grouped in a single OTU. The sequence obtained for the poult from Company B had 95% similarity to Methanobrevibacter woesei. M. woesei was the predominant archaeon present in the ceca of layers (Saengkerdsub et al., 2007) .
The primer sets used to determine the microbiota of day-old poults indicated that each company had a distinct microbiota, and there were differences among the collection periods indicating that management practices do affect the early development of gut microbiota. These data strengthen the hypothesis that the microbiota is derived predominantly from environmental sources and not by maternal transmission. However, within Company B, samples from certain breeder flocks had distinctive microbiota, indicating that there is some effect from the breeder hens on the initial microbiota at d of hatch.
Further work is needed to elucidate the effect of adjusting management practices, but more importantly, what the effect of differential development of the microbiota has on health and production of the turkeys. Controlling the initial colonization in the hatchery with an advantageous microbiota may result in less variable microbiota, leading to a more uniform succession and could be an effective way to improve performance in turkeys. 
